Recently, there has been a major thrust to understand biological processes at the nanoscale. Optical microscopy has been exceedingly useful in imaging cell microarchitecture. Characterization of cell organization at the nanoscale, however, has been stymied by the lack of practical means of cell analysis at these small scales. To address this need, we developed a microscopic spectroscopy technique, single-cell partial-wave spectroscopy (PWS), which provides insights into the statistical properties of the nanoscale architecture of biological cells beyond what conventional microscopy reveals. Coupled with the mesoscopic light transport theory, PWS quantifies the disorder strength of intracellular architecture. As an illustration of the potential of the technique, in the experiments with cell lines and an animal model of colon carcinogenesis we show that increase in the degree of disorder in cell nanoarchitecture parallels genetic events in the early stages of carcinogenesis in otherwise microscopically/histologically normal-appearing cells. These data indicate that this advance in single-cell optics represented by PWS may have significant biomedical applications.
xisting knowledge of changes in cell architecture in disease processes is based to a large degree on the histological examination of cells and tissue. On the other hand, it is well accepted that histological and, thus, microarchitectural, aberrations are preceded by molecular, genetic, or epigenetic changes. One may pose a question whether these events are still accompanied by alterations in cell architecture that are histologically undetectable. Indeed, the diffraction limit restricts the resolution of conventional light microscopy to, at best, 200 nm. This is larger than the sizes of the fundamental building blocks of the cell, such as membranes, cytoskeleton, ribosomes, and nucleosomes. Thus, conventional light microscopy is insensitive to changes in nanoarchitecture, which is the fundamental basis of cell organization. It is clear that the fact that a cell is histologically normal may not necessarily be equated with the cell not having nanoscale structural alterations.
Cellular alterations in carcinogenesis provide an illustrative and practically important example. The process of carcinoma formation involves stepwise accumulation of genetic and epigenetic alterations in epithelial cells over a time period of many years. Dysplasia, or structural alterations detectable by microscopy, is a relatively late event in this process. From a cancerresearch perspective, it is important to recognize the earlier stages of carcinogenesis that precede histological changes. One can hypothesize that although these genetic/epigenetic aberrations have not yet resulted in histologically apparent changes, they may still be accompanied by architectural consequences that occur at the nanoscale.
Therefore, it is of major importance to design optical techniques for inspecting cell nanoarchitecture. One approach to probe cell architecture has been through the use of spectral analysis of light scattering (1) (2) (3) (4) . This premise is based on the fact that the spatial variation of the concentration of intracellular solids (e.g., proteins, DNA, RNA, lipids) gives rise to spatial fluctuations in the refractive index of the tissue. However, light scattered by cells and tissues is typically recorded after its 3D propagation within tissue. As a result, although light scattering does depend on a wide range of length scales of refractive index fluctuations including those smaller than the wavelength of light, the sensitivity to subwavelength length scales decreases fast with size because of the Fourier-transform relationship between the scattering signal and the scattering potential (5) .
On the other hand, if photons propagating in 1D are recorded, a completely different scenario emerges. According to mesoscopic light transport theory (6) (7) (8) (9) (10) (11) , the reflected signal in 1D, which is the result of the multiple interference of light waves ref lected from refractive index f luctuations, is non-selfaveraging* for all length scales for weak refractive index fluctuations (6) (7) (8) 12) . In other words, the reflected signal is sensitive to any length scale of refractive index fluctuations including those below the wavelength (13) (14) (15) (16) . This presents an opportunity to characterize cell nanoarchitecture by detecting waves propagating in 1D. This, however, has not been feasible by using conventional far-field microscopy or light-scattering techniques.
Here, we present a type of microscopic spectroscopy, referred to as partial-wave spectroscopy (PWS). PWS detects 1D-propagating back-scattered photons in the far field. Mesoscopic theory-based analysis of the spectra of the resulting signals quantifies the statistical properties of the nanoarchitecture of living or fixed cells. In this article, as an illustration of the efficacy of PWS, we apply this technique to study nanoarchitectural alterations in the process of colon carcinogenesis that precede histological changes. Our approach is to assess alterations in colon cells undergoing defined genetic modulations that are biologically significant but fail to result in abnormalities detectable by conventional microscopy. Specifically, we used RNAi in the human colorectal cancer cell line (HT-29) to test the effect of a modest (Ϸ30-50%) suppressor of the gene C-terminal src kinase (CSK) and a protooncogene, epidermal growth factor receptor (EGFR), proteins implicated in early colon carcinogenesis. After this, we used a mouse model in which the adenomatous polyposis coli (APC) gene underwent a germ-line mutation, the initiating genetic event in Ϸ80% of human colon carcinomas. We report that, although these molecular events do not result in histologically detectable changes in cells, PWS imaging demonstrated profound alterations in the statistical properties of cell nanoarchitecture. This has future applications in early diagnosis of cancer.
Results

Partial-Wave Spectroscopy (PWS).
The design of the PWS instrument is discussed in Methods. A focused wave of broadband, low-spatially-coherent light (spatial coherence length is in the order of the diffraction limit, Ϸ700 nm in our case) illuminates a sample, and an image formed by back-scattered photons is acquired in the far field. The spectrum of the back-scattered light intensity from 390 to 750 nm is recorded for each pixel of the image with 3-nm resolution. PWS combines certain aspects of microscopy and the spectroscopy of light elastically scattered by cells. However, unlike conventional microscopy, in which an image is formed by integrating the reflected or transmitted intensity over a broad spectrum, PWS measures spectral fluctuations in the back-scattering spectra. Unlike elastic scattering spectroscopy, where a signal is formed by the far-field interference of all waves propagating within a scattering particle, the spectrum analyzed in PWS is formed by a subset of these waves (i.e., ''partial waves'').
PWS virtually divides a cell into a collection of parallel channels each with a diffraction-limited transverse size, detects back-scattered waves propagating along 1D trajectories within these channels, and quantifies the statistical properties of the nanoarchitecture of a cell by the analysis of the fluctuating part of the (normalized) reflected intensity R(, x, y), where is the wavelength of light, and x and y are the spatial coordinates of a particular channel. The spectral fluctuations in R(, x, y) arise from the interference of photons reflected from refractive index fluctuations within a scattering object, e.g., the cell. Although the lateral size of each channel is determined by the diffractionlimited resolution of the imaging system, information about refractive index fluctuations at subwavelength scales along the channel is imbedded into R. The spectral fluctuations are analyzed by means of 1D mesoscopic light transport theory (6) (7) (8) (9) (10) (11) , which calculates a disorder strength L d (x, y) ϭ ͗⌬n 2 ͘l c (following terminology used in the condensed matter physics) for each channel (x, y), where ͗⌬n 2 ͘ is the variance of refractive index fluctuations ⌬n within a channel, and l c is the spatial correlation length of these refractive index fluctuations.
Therefore, a 2D map of the disorder strength L d (x, y) depicts the spatial distribution of the degree of disorder in the cell under analysis. In practice, it is convenient to quantify a particular cell or a group of cells by a finite number of parameters, rather than an entire 2D image. For example, a cell can be characterized by 2 convenient statistics: the mean intracellular disorder strength
averaged over x and y) and the intracellular standard deviation (c) 
over a group of cells, such as all cells from a particular cell line or a particular patient, are termed the group means L d (g) and (g) . The disorder strength quantifies the spatial variability of refractive index and, thus, the local concentration of intracellular material. At a given point in a cell, ⌬n is proportional to the local concentration of intracellular solids (17, 18) , whereas l c can be viewed as the characteristic size of the intracellular ultrastructure of a cell (e.g., macromolecular ''building blocks'' of a cell).
We have confirmed the dependence of L d , as measured by PWS, on nanoscale refractive index fluctuations by conducting rigorous numerical experiments using finite-difference timedomain (FDTD) simulations (l c from 5 to 45 nm) and experiments with deterministic nanostructured model media (l c from 20 to 125 nm). Both sets of experiments are discussed in supporting information (SI) Text. Importantly, these studies demonstrated that, in principle, there is no limitation on the minimum l c that can be assessed by PWS, in contrast to conventional microscopy, which is limited by the diffraction limit of the system. (In practice, of course, the limit of sensitivity to l c is determined by the signal-to-noise ratio.)
Experiments with Cell Lines. To demonstrate the ability of PWS to identify nanoarchitectural changes in cells that are otherwise histologically indistinguishable, we performed our first set of experiments on HT29 human colonic adenocarcinoma cell line. We focused on colorectal cancer, given that it is a major public health problem (second leading cause of cancer deaths in Western countries). The choice of this model was based also on the fact that the malignant behavior of the HT29 cells can be controlled by genetic modification of these cells (19) (20) (21) . We selected the tumor suppressor gene CSK and the protooncogene, EGFR. We constructed stable Sh-RNA in HT-29. Thus, we used 3 variants of HT29 cells: original HT29 cell line transfected with empty vector, HT29 cells after CSK knockdown, which leads to increased malignant aggressiveness, and the cells after EGFR knockdown, which partially suppresses the malignant aggressiveness of the cell line (discussed in SI Text). We noted, as expected, that CSK knockdowns behave more aggressively, whereas EGFR was less aggressive, using proliferation (proliferating cell nuclear antigen) as a surrogate marker (Fig. S1 ). Importantly, as demonstrated in previous literature (19) (20) (21) , the 3 cell lines are microscopically/histologically indistinguishable, which was further corroborated by a pathologist examining the stained cytological preparations of these cells. This is related, at least partly, to the relatively modest knockdown achieved (Ϸ30-50%), meaning that the magnitude of genetic alterations were insufficient to cause microscopic alterations but did result in the modulation of cellular physiology such as proliferation (CSK ShRNA Ͼ HT-29 empty vector Ͼ EGFR ShRNA).
PWS measurements were conducted on Ϸ50 cells randomly selected from each of the 3 cell types (Ϸ500 1D channels per cell). The protocol for PWS measurements and signal analysis are discussed in Methods and illustrated in Fig. 1 . Three major conclusions can be made from the inspection of Fig. 1 (A-E) . First, A, B, and C illustrate that PWS signals are in agreement with 1D mesoscopic theory (see Methods for detail). The second conclusion is that PWS enables sensing architectural changes in otherwise histologically indistinguishable but genetically and physiologically different cells. Fig. 1 D and E compares H&E and PWS images of 3 representative cells from the 3 cell lines: control HT29, EGFR knockdown, and CSK knockdown cells. As can be seen from the images, the 3 representative cells appear cytologically similar. This was also confirmed by the analysis of at least 10 cells from each of the cell line. For comparison, PWS images are clearly different. Overall, a cell from the most aggressive cell line (CSK knockdown) has the highest intracellular disorder strength, whereas the least aggressive cell line (EGFR knockdown) exhibits the least disorder. This suggests that a higherdisorder strength is associated with an increased malignant behavior. (c) and (c) are progressively and highly statistically significantly increased from EGRF knockdown to control HT-29 and to CSK knockdown cell lines (ANOVA P value Ͻ0.001). We also point out that, intriguingly, there is a certain degree of intercellular heterogeneity among cells belonging to the same cell line as illustrated by a spread of data points in the L d (c) vs.
(c) plot. The intercellular heterogeneity appears to be the highest for the most aggressive CSKknockdown cells. We note that despite partial overlap among cells from different groups, it was still possible to differentiate the 3 cell lines by analyzing a group of cells. For example, to achieve a statistical power of 90%, the dataset shown in Experiments with the Animal Model of Colon Carcinogenesis. Based on our cell line studies, we hypothesized that the degree of disorder of cell nanoarchitecture correlates with the neoplastic behavior and can be used as a marker of carcinogenesis. We wanted to test this hypothesis in animal studies. We used 1 of the best-validated models of intestinal carcinogenesis, the MIN mouse. In this model, there is a truncation in the APC tumor suppressor gene (codon 850), which results in spontaneous development of intestinal adenomas. Importantly, given the germ-line nature of the mutation, all intestinal epithelial cells (including those that were histologically normal) contained the mutation in this tumor suppressor gene. The relevance of this mutation is underscored by the observation that Ϸ80% of sporadic colorectal cancers are believed to be initiated by APC truncation. The question we asked was as follows: Although appearing normal by the criteria of microscopic histopathology, do precancerous intestinal cells possess alterations in their nanoarchitecture that are detectable by PWS? In our studies, we used 4 C57 Bl male wild-type mice (negative control) and 4 agematched male C57BL APCmin animals. The mice were killed at the age of 15 weeks, and intestines were washed. Samples were taken from visually normal mucosa by using a cytology brush. Care was taken to avoid any possibility of contamination with adenomas through examination with a dissecting microscope of dry ice-treated epithelium. The wild-type animal intestines were treated identically. Cells from the cytology brush were smeared onto a glass slide and alcohol-fixed according to a standard protocol (discussed in SI Text). For each mouse, Ϸ30 cells were randomly chosen for PWS analysis. All cells were obtained from the macroscopically and histologically normal mucosa outside any neoplastic lesion. The cytology specimens were then examined by a surgical pathologist, who confirmed that all cells were histologically normal. (c) increases in MIN mice up to Ϸ50%. This suggests that the population of precancerous cells is significantly more heterogeneous compared with the cells from control animals. The biological significance of this finding remains to be explored.
Length Scale Probed by PWS.
Because L d is a product of ⌬n and l c , it is impossible to determine l c explicitly. However, an approximate value of l c can be estimated. For ⌬n ranging between 0.02 and 0.10, which is typical for a biological tissue (22) , the experimentally measured values of L d for the cell lines and mice cells correspond to l c less than or Ϸ100 nm. This is the length scale of the fundamental ''building blocks'' of the cell, such as protein complexes, cytoskeleton, intracellular membranes, and nucleosomes. It needs to be emphasized that l c is not a mere size of a particular cell structure but instead characterizes the statistical properties of the entire complexity of the intracellular refractive index fluctuations.
Discussion
PWS provides a unique way of isolating 1D back-scattering photons, which are sensitive to minute changes in the refractive index fluctuations at subdiffractional length scales. Combined with mesoscopic light transport theory for statistical analysis of the back-scattered photons, PWS provides a unique statistical view of subcellular architecture at nanoscale beyond what conventional microscopy reveals. In particular, PWS measures the disorder strength, a statistical parameter of the complex refractive index fluctuations at a single-cell level. We demonstrate that PWS has the ability to provide unprecedented detail about the nanoscale architecture of a cell. This was validated in studies where defined genetic alterations were introduced both in vitro and in vivo and the disorder consequences were assessed in histologically normal cells. In the in vitro study, PWS was used to image cells from 3 genetic variants of HT29 colon human tumor cell line (original HT29 cell line and EGFR and CSK knockdowns). Although microscopically indistinguishable, these 3 types of cells exhibit different degree of malignant behavior, from less aggressive (EGFR knockdown) to more aggressive (CSK knockdown). Our results demonstrate that PWS was able to differentiate cells from these lines by quantifying the disorder of cell nanoarchitecture. In particular, the increase in malignant aggressive behavior was associated with the increase in the disorder strength of intracellular organization. The increase in the disorder of cell architecture was further confirmed in the study with the MIN-mouse model of intestinal carcinogenesis. Again, the same trend was observed: A germ-line mutation in intestinal epithelial cells in the MIN mice that were normal-appearing by conventional histologic standards resulted in a profound increase in the disorder strength compared with the control mice. This suggests that early carcinogenesis is accompanied by increasing disorder and progressively higher heterogeneity of the intracellular nanoarchitecture.
These results may have profound biological and medical implications. From the cancer-biology perspective, PWS may be used to better understand early cellular events in carcinogenesis. Cell architecture may be much more ''in tune'' with the molecular events than previously thought. Although it may not be possible at this point to identify which specific structures are responsible for the increase in the disorder and associated molecular mechanisms, we can get some insights into the kinds of nanoscale changes developing in preneoplastic cells. Because L d ϭ ͗⌬n 2 ͘l c , a higher disorder strength is due to the increase in the refractive index fluctuations ⌬n 2 , or refractive index correlation length l c . A higher ⌬n 2 may be associated with the increased spatial variation of the density of intracellular material (e.g., DNA, RNA, proteins and lipids) (17, 18) . As discussed in Results, l c Ϸ 100 nm. Thus, a change in l c may represent aggregation or ''packing'' of some of the basic ''building blocks'' of the cell. Similarly, the increase in l c can be related to the increase in fractal dimension reported by other groups (1) and also to the log-normal size distribution of particles (23, 24) , where the increase in l c would indicate the increase in the average and standard deviation of the log-normal distribution. Furthermore, our data also suggest that the increase in the disorder strength is not limited to a specific organelle or a type of molecule. Instead, it represents the progression of global intracellular organization toward a more disordered state.
From the clinical perspective, our data indicate that PWS has the potential to detect cell changes that would otherwise be missed by conventional histopathology. PWS may potentially provide another dimension to histopathology and complement and expand its use. Moreover, PWS could be useful to detect field carcinogenesis in organs such as the colon providing a potential means of using easily accessible normal-appearing mucosa to determine the risk of neoplasia throughout the colon without the need for interrogation of a formed dysplastic lesion. This may also be applicable to other cancer sites where field carcinogenesis is known to be important (e.g., lung, breast, etc.). If the results are confirmed in humans, we may have to redefine our understanding of the significance of cell architecture and what we consider to be a ''histologically normal'' cell. Fig. S2 . The white light from Xe lamp (100 W; Oriel) was collimated by a 4f-lens relay system (Ϸ0.8°divergence angle) and focused onto a sample by a low numerical aperture objective (Edmund Optics, NA ϳ 0.4) with the illumination beam diameter of Ϸ120 m. At the sample level, the illumination beam was much larger than the sample size (i.e., micron-sized biological cell), had spatial coherence length Ͻ1 m, and was well-collimated (with respect to the size and curvature of a single cell). The back-scattered image was projected on the slit of the imaging spectrograph coupled with the CCD camera and mounted on a motorized 1D linear scanning stage (Zaber Technologies). The image was acquired by scanning the slit of spectrograph in the horizontal direction. In each scanning step, the CCD camera records a matrix with the vertical axis corresponding to a spatial position of the image and the horizontal axis corresponding to the wavelength of light, . Therefore, the instrument acquired back-scattering spectra I(, x, y) ( ϭ 390 -750 nm, 1,392 wavelengths, spectral resolution Ϸ3 nm) for each pixel (x, y) on the image. All spectra were normalized by the spectra of the incident light.
Methods
PWS Instrument. The design of the PWS instrument is shown in
I(, x, y) were further analyzed (see the following section) to calculate the fluctuating component of these back-scattering spectra, R(k, x, y) (k is the wave number) that arises from the interference of photons reflected from refractive index fluctuations within a scattering object. Because of weak refractive index fluctuations existing in biological cells and the low spatialcoherence illumination, this detection scheme isolates photons localized in 1D. In essence, PWS decomposes a complex 3D weakly disordered medium into many spatially independent parallel 1D channels and acquires 1D reflection spectra R(k) originating because of the interference of photons propagating in these 1D channels. The condition of the weak scattering within the medium and the low-coherence illumination essentially prevents the interference of the back-scattered light emerging from different 1D channels (Fig. S3) . Although the lateral size of each channel is determined by the diffractionlimited resolution of the system (Ϸ700 nm), information about refractive index fluctuations at subwavelength scales is imbedded into R(k). 
Calculation of Fluctuating
Calculation of Disorder Strength by Using Mesoscopic Light-Transport Theory.
Because R(k) is formed primarily by 1D back-scattered photons, R(k) can be analyzed by means of the 1D mesoscopic light-transport theory in disordered media (6 -11) . This theory has been well-studied and used for electron transport in conductors and light transport in dielectric media. The mesoscopic theory enables quantification of the statistical properties of the spatial refractive index variations within a 1D scattering medium, e.g., a 1D channel within a cell. A corresponding measurable statistical parameter obtained for each channel is the disorder strength Ld ϭ ␣͗⌬n 2 ͘lc (following terminology used in the condensed-matter physics), where ͗⌬n 2 ͘ is the variance of refractive index fluctuations ⌬n within a channel, lc is the spatial correlation length of these refractive index fluctuations, and ␣ is a numerical factor Ϸ1.
One can determine Ld for each pixel in a cell image from 2 experimentally acquired quantities: R(k) and its autocorrelation function C(⌬k) ϭ ͗R(k)R(k ϩ ⌬k͘/͗R(k)R(k)͘ (6 -11). In a weakly disordered medium (i.e., R Ͻ Ͻ 1), the probability density distribution of R is log-normal for all length scales of the disordered scattering medium (8, 9, 12) . The ensemble average of the R distribution over the ensemble of 1D independent parallel disordered channels ͗R͘ Х 
[1] (8, 9, 12, 23 
where A is a constant (12, 25) . Therefore, knowing ͗R͘ and C(⌬k) for each channel in a cell, one can calculate L d by eliminating L.
Calculation of Ld in Biological Cells.
For each 1D channel, the mean fluctuating component ͗R͘ was calculated by taking the root mean-square average of R(k) over a spectral range from m ϭ 500 nm to 660 nm (outside this range the intensity of the spectrum drops below the noise floor and hence was not included in our analysis). Because C(⌬k) is a function of k, C(⌬k) was calculated for k corresponding to the middle of the spectrum 580 nm for a better spectral averaging and for the full use of the spectra in the calculation. Fig. 1 illustrates the steps involved in obtaining a PWS image of a cell. The instrument measured the total back-scattering signal I(, x, y) for each point (x, y). The next step is to extract R(, x, y) from I(, x, y) as discussed above. A representative R() from a single channel within a HT29 cell is shown in Fig. 1 A.  Then C(⌬k, x, y) is calculated from R(k, x, y) . A representative example of C(⌬k) for a HT29 cell is shown in Fig. 1B. For each channel (x, y) , disorder strength L d(x, y) was computed from R(k, x, y) and C(⌬k, x, y) by using Eqs. 1 and 2. Three representative pseudocolor disorder-strength images for HT29, CSK, and EGFR cells are shown in Fig. 1E .
Experimental Validation of Nanoscale Sensitivity of PWS. We performed 3 studies to validate nanoscale sensitivity of PWS: (i) rigorous computational experiments, (ii) experiments with nanostructured models, and (iii) experiments with biological cells. These studies are discussed in detail in SI Text. In brief, our computational experiments were based on finite-difference timedomain (FDTD) (26) simulations of light propagation in random cell-emulating media with controlled refractive index distributions (l c varied from 5 to 45 nm).
As shown in Fig. 2D , the values of L d determined based on the spectral analysis were in good agreement with the true value (r 2 ϭ 0.91). A key result is that Ld linearly depends on lc for klc Ͻ 1. Thus, in principle, there is no limitation on the minimum l c that can be assessed by this method. In our experiments with deterministic nanostructured model media, the models comprised aggregated polystyrene nanospheres of known sizes (l c ϭ 20 to 125 nm) (27) . We found a good agreement (r 2 ϭ 0.97) between Ld measured by using the PWS instrument and the expected disorder strengths. This experiment also served the purpose of calibrating the system. Finally, we wanted to obtain evidence that our mesoscopic theory-based analysis is valid for real biological cells. Luckily, retrospective analysis of the data (R and C) could be used to validate the analysis. Indeed, the analysis is applicable if 3 conditions are satisfied: (i) ͗R͘ Ͻ Ͻ 1, (ii) the probability distribution function (p.d.f.) of ͗R͘ is log-normal, and (iii) C(⌬k) is a Gaussian function. Fig. 1 shows that these 3 conditions are satisfied. (i) The fact ͗R͘ Ͻ Ͻ 1 is clear from Fig. 1 A. (ii) Fig. 1B shows a representative p.d. f. of ͗R͘ for the ensemble of all HT29 cells. This p.d.f. is well-approximated by the log-normal function (r 2 Ͼ 0.95). (iii) Finally, as illustrated in Fig. 1C, C(⌬k) is wellapproximated by a Gaussian function (average r 2 ϭ 0.98 for a linear fit to ln C(⌬k) vs. ⌬k 2 for the ensemble of all HT29 cells). This indicates that our experimental cell data indeed conforms to the 1D mesoscopic theory.
